Abstract: Optical space shift keying (OSSK) is a multiple transmit aperture based scheme which attains improved spectral efficiency in optical wireless communication (OWC). In addition to atmospheric turbulence (AT), pointing error (PE), which originates due to vibrations or building sway, has potential to deteriorate the performance of OWC link. This paper discusses the effect of AT and PE jointly on the performance of OSSK scheme. An analytical framework is proposed for evaluating average bit error rate (ABER), coding gain, and diversity order of OSSK scheme. It is found by analysis that for low PE, error performance of OSSK in weak AT condition is poorer than that in strong and moderate AT conditions. However, for high PE, the trend is the reverse. ABER, coding gain, and diversity order for pulse amplitude modulation (PAM) over AT and PE are also derived in order to compare its performance with the same rate OSSK scheme. The analysis shows that OSSK is less sensitive to PE severity as compared to PAM. Also, the diversity order of OSSK is independent of AT and PE, whereas the diversity order of PAM depends on both AT and PE, which makes OSSK a suitable modulation scheme for the practical scenario.
Introduction
Nowadays, the research community is attracted by optical wireless communication (OWC) due to its inherent benefits viz., immunity from interference, low cost of implementation, and license-free spectrum [1] . These benefits facilitate the use of OWC during disaster relief applications. Intensity modulation and direct detection (IM/DD) transmission schemes make the OWC even simpler and cheaper since IM/DD technique uses only the intensity part of optical wave to transfer information bits [2] . Pulse-based modulation techniques like on-off keying (OOK), pulse amplitude modulation (PAM), and pulse position modulation (PPM) along with the IM/DD technique are used for modulation of the optical signal. However, during the propagation of an optical wave through a terrestrial atmosphere, quality of the wave degrades drastically due to atmospheric turbulence (AT) and weather conditions. AT causes fluctuations in the received power, also called as fading. Furthermore, the OWC requires line-of-sight to establish the communication between the transmitters (Txs) and receivers (Rxs) [3] . Therefore, misalignment between Tx and Rx deteriorates the performance of the OWC system. Building motion, vibrations, and earthquakes can be the reasons for misalignment, which leads to pointing error (PE) [4] .
In order to increase the spectral efficiency (SE) of OWC, high order PPM and PAM can be used. However, high peak-to-average power ratios (PAPRs) are required for employing higher order PAM which can cause the optical Tx to operate outside its linear region. In the same way, high order PPM needs perfect synchronization between Tx and Rx, which increases the system complexity. Another technique for improving the SE is spatial modulation (SM), introduced in [5] - [7] for radio frequency (RF) communication. Later on, the optical counterpart of SM is introduced which gives high SE without high PAPR and strict synchronization of Tx and Rx. SM is a technique where both signal and antenna spaces are used simultaneously to convey the information bits. In simple words, some part of the incoming bits are used to select the antenna while the rest of the bits are transferred through the selected antenna using a digital modulation technique. Thus, using antenna indices as an information, we can transmit a few additional bits which leads to an increase in SE. The performance of SM improves with increasing difference of channel gains because it becomes simpler for Rx to distinguish the Tx antennas. Another advantage of SM is that only a single transmission chain is required since only one antenna is active during each symbol period [8] . Space shift keying (SSK) is a special case of SM and uses only antenna indices for conveying the information; rendering a simpler implementation as compared to SM. All the aforementioned benefits of SM/SSK modulation scheme make it a good choice for OWC.
In an indoor environment, turbulence is absent and the channel is deterministic; this virtue makes the implementation of indoor optical SM/optical SSK (OSM/OSSK) facile. Thus, a number of indoor OSM/OSSK techniques are developed in recent years [9] - [13] . It is shown in [9] that if more than four Txs are used, then OSSK outperforms the single-input-single-output (SISO) technique as well as the multiple-input-single-output (MISO) technique employing repetition coding (RC). Furthermore, [10] and [11] demonstrated that OSM is more efficient than OOK, PPM, and PAM in terms of power and bandwidth. PPM and PAM are used for implementation of OSM in [12] and [13] , respectively. Performance and power gains are achieved by OSM utilizing PPM; on the other hand, higher SE is obtained by employing PAM in OSM. However, there exists very limited analysis of OSM/OSSK under AT in literature, because of a significantly high mathematical complexity. In order to characterize the fading caused by AT, several probability density functions (pdfs) are available. Negative exponential, lognormal, Gamma-Gamma (G-G), K -distribution, etc., are some examples of the pdfs used to characterized OWC channel. The G-G distribution is a widely adopted distribution which covers weak to strong turbulence regimes. Negative exponential and lognormal distributions are used to study the OSSK scheme over AT in [14] , nevertheless, this analysis is only valid for saturation and weak AT conditions. In [15] , hybrid spatial pulse position and amplitude modulation is introduced by implementing OSM with PAM and PPM under lognormal and G-G distributions. The analysis in [15] uses an approximate numerical method to estimate the bit error rate (BER) but a closed-form expression of BER is not provided. A closed-form BER expression for OSSK scheme under G-G distribution is evaluated in [16] .
All the aforementioned analysis of outdoor OSM/OSSK includes the effect of AT only. However, the effect of PE is equally important for a more realistic study of OWC link, since it is an everpresent problem. The PE causes a loss in diversity order of conventional pulse based modulation techniques and degrades the overall link performance significantly. However, the effect of PE on the BER performance and diversity order of OSSK scheme has not been studied so far. The novelty of this paper is that it includes the effect of PE along with AT in OSSK schemes and provides some useful insights. Against this background, the novel contributions of this paper are as follows.
1) An analytical expression for the pdf of the difference between two random variables (RVs)-each following the G-G distribution with PE-is derived. Using the derived pdf, the average pair-wise error probability (APEP) and the average BER (ABER) expressions of the OSSK scheme are evaluated. 2) In order to compare OSSK performance with pulse based modulation technique, ABER expression of the L -ary PAM under G-G fading and PE is also derived. It is observed from the analysis that the OSSK performs better as compared to the same rate L -ary PAM in presence of high PEs.
3) The coding gain and diversity order of both the OSSK and PAM techniques are evaluated to study the asymptotic behavior under different turbulence regimes and PEs. It is proved by analysis that the diversity order of OSSK is independent of PE and AT-contrary to PAM where diversity order is dependent on both AT and PE. Further, all the derived theoretical expressions are verified via Monte-Carlo simulations. The analytical framework can be extended to compute ABER of OSM under AT conditions, in the future.
The rest of the paper is organized as follows. Section II includes the preliminaries of the considered system. In Section III, an analytical framework for the evaluation of the required pdf and the ABER for OSSK scheme is provided. ABER of PAM is derived in Section III and numerical results are discussed in Section IV. Finally, Section V concludes the paper. Fig. 1 shows the system model of N -ary OSSK scheme having N optical Txs (LED/LASER) and a single Rx (photodetector) aperture. Random information bits of size log 2 N = M bits are grouped together at the Tx side. In this way, N different symbols namely b 1 , b 2 , ....b N , can be transmitted using N Txs. The M bits are then mapped into a spatial constellation vector x using an OSSK encoder, where x ∈ {e 1 , e 2 ,... e n } , e i (1 ≤ i ≤ N ) is the i th column of the N × N identity matrix. Depending on the spatial constellation vector, one of the sources is active while all others are inactive. The optical wave is then transmitted through free space and affected by the terrestrial environment. The electrical signal received at the Rx, consisting a photodetector with responsivity R , can be written as
Preliminaries

System Model
where P t is the peak transmitted optical power,
is the fading coefficient vector of dimension 1 × N , and n denotes the zero mean additive white Gaussian noise with variance N 0 /2; N 0 represents power spectral density of the noise. Each of the fading coefficients in h must show the effect of both AT and PE, therefore the channel coefficient h i associated with i th Tx has the following form:
where h ai is the fading coefficient due to AT and h p i represents the effect of PEs. Since x contains only one non-zero element (unity) corresponding to symbol b i , the product hx result into h i . Thus, the received electrical signal of (1) can be rewritten as 
The main function of OSSK decoder is to determine the antennae indices i from the received signal and to decode i into its corresponding M bits. Table 1 demonstrates the example of OSSK scheme for 4 symbols. In the considered system, maximum likelihood (ML) detector is the optimum detector, which is given bŷ
whereî is the estimated optical Tx index, 1 ≤ i ≤ N .
Channel Model
The channel model for the considered system should represent the irradiance fluctuations caused by AT along with the PEs. The most generalized fading model for characterizing the AT is G-G distribution [17] , whereas the PE model is derived in [3] and [4] . The pdf of channel coefficient h i that combines the effects of G-G fading and PE is given in [18] 
In (5), α and β are the turbulence parameters that characterize the irradiance fluctuations, [2] and is given in Table 2 for reader's convenience. The parameter ξ is inversely proportional to the jitter standard deviation (σ s ). Higher the value of σ s , lower is the value of ξ. Therefore, lower value of ξ represents a larger PE. Based on the value of a, there are three levels of PE severity, namely low, moderate, and high PE which are defined as σ s << a, σ s < a, and σ s ≥ a, respectively.
Performance Analysis
In this section, we will provide an analytical framework for computing the ABER of the N -ary OSSK technique using the channel model presented in the previous section. ABER of PAM is also evaluated under the same channel model for comparing it with the OSSK. Further, coding gain and diversity order for the considered system are obtained using the derived ABER expression.
Calculation of ABER
A tight upper bound (using union bound approach) for the BER of SSK can be obtained by summing all the pair-wise error probabilities (PEPs) [14] 
where
is the PEP between the symbols b i and
is the hamming distance between b i and b j ,γ denotes the average received signal to noise ratio (SNR) per bit given by R 2 P 2 t T s /(N 0 log 2 N ), T s is the symbol period, h i and h j are the independent and identical distributed channel gains, and Q (·) stand for the Gaussian q-function. For error free case, i.e., i = j, the term d H (b i , b j ) is equal to zero; due to which this case does not aid in calculating the upper bound of BER. Note that h i and h j are RVs characterized by the G-G pdf given in (7) . Therefore, in order to calculate the APEP of the considered system, we require the pdf of the absolute value of the difference between the two G-G RVs, i.e., U = |h j − h i |. Let us define a RV: Z h j − h i , and consequently U = |Z |. Since h i and h j are two independent RVs with non-negative distributions, the pdf of Z is given by [20] 
and pdf of U will be
where f Z (u) = f Z (z) for z ≥ 0 and f Z (−u) = f Z (z) for z < 0 are given in (8) . By substituting (5) in (8), we get
In (10)
. After a few manipulations in (10) 
Similar calculations can be done for f Z (−u) employing [19, Eq. (2.24.1.
3)], which shows that f Z (−u) = f Z (u). Hence, pdf of U will be
Now, we can evaluate APEP of the system as follows:
As
, where erfc(·) is complementary error function, we can rewrite (13) as
On substituting (12) into (14), we have
By employing the relation
in (15), we obtain APEP of the considered scheme
It can be seen from (17) that APEP is independent of the Tx indices (i and j). Further, we have the following relation:
Using (6), (17) , and (18), ABER of N -ary OSSK system is given as
In the above expression, some finite value for upper limit of the summation is used which results in an approximate value of the ABER.
Convergence Test
In this subsection, we will prove that (19) 
In (19), series coefficient for the k th term is
Therefore
Since the ratio of two Meijer-G functions is always a non-zero real number for all values of k, we can rewrite (22) as
It can be seen from (23) that order of k in the denominator is one higher than the numerator. Applying limit k → ∞ to (23) gives 0; hence, (19) is absolutely convergent. The convergence of (19) can also be proved by plotting it as a function of the upper limit of k (k u ). Fig. 2 shows the ABER as a function of k u for different AT conditions and values of ξ, and it is evident that for all the cases, ABER converges to some value. It is also observed from the figure that the series converges faster for higher values of SNR. 
Coding Gain and Diversity Order
Coding gain and diversity order are the two parameters that characterize the BER performance at higher values of SNR. The coding gain specifies the relative horizontal shift of the BER versus SNR plots on a log-log scale; whereas, the diversity gain shows the slope of decay of these plots, at asymptotically high values of SNR. The asymptotic ABER of the considered system can be evaluated as [21] 
where C g is the coding gain and δ denotes the diversity order. The details about coding and diversity gains of OSSK system will be discussed in SubSection IV-C. Next subsection discusses the ABER of L -ary PAM scheme.
ABER of L-ary PAM
L -ary PAM technique belongs to a family of digital pulse based modulation techniques. In L -ary PAM, depending on the transmitting symbol, one of the L possible amplitude levels is transmitted. The spectral efficiency of L -ary PAM modulation scheme is log 2 L and instantaneous BER is given by [14] 
The ABER for L -ary PAM under the combined effect of AT and PE can be evaluated as
where f h (h ) is given in (5) . Using the relation 
Numerical Results
In this section, we discuss the analytical results derived in the previous section. In order to validate the derived analytical expressions, simulation results are also provided. We plot the ABER versus SNR per bit for the N -ary OSSK system using MATHEMATICA. The upper value of k is taken as 20. In the calculation of ABER, the turbulence parameter values are taken from Table 2 , and the receiver aperture diameter is assumed to be 20 cm as given in [17] . For the analysis of PE effect on error performance, we vary the value of the normalized jitter standard deviation (σ s /a), which changes the value of ξ. However, widely used value of σ s to represent the practical PE severity is 10 cm [17] , i.e. σ s /a = 1.
ABER Analysis of N -ary OSSK
ABER of N -ary OSSK scheme can be evaluated using (19) . Fig. 3 shows the error performance curves for N = 2 under moderate AT condition for various values of ξ. It is evident from the figure that decreasing ξ degrades the system performance. A decline in ξ implies more PE severity which causes deterioration in the error performance. The simulated curves match with the analytical curves in the operating BER range, which validates the proposed analytical ABER expression. Fig. 4 provides a similar observation for 4-ary OSSK system.
The analytical error performance curves of 4-ary OSSK system under strong and moderate AT conditions along with low, moderate, and high PEs are shown in Fig. 5 . Low, moderate, and high PEs correspond to ξ = 8.86 (σ s /a = 0.1), 1.47 (σ s /a = 0.5), and 0.866 (σ s /a = 1), respectively. It is evident from the figure that for all levels of PEs, the error performance curves almost coincide with each other under strong and moderate AT conditions. Therefore, it can be concluded from the figure that the performance of OSSK system under moderate and strong AT is almost the same. A comparison of the error performance under weak and moderate AT conditions along with low, moderate, and high PEs is given in Fig. 6 . One interesting result observed from the figure is that for low PE, error performance of the considered scheme under weak AT condition is almost 3 dB poorer than the other two AT conditions. This is because the performance of OSSK system depends on the difference between the channel gains. Higher the difference, better is the performance. Under weak AT condition, the deviation from mean value is small, i.e., the difference between any two channel gains at any instant is less as compared to the strong and moderate AT conditions, where there is a greater deviation. Therefore, the OSSK system performs better under strong and moderate AT conditions than under weak AT condition. It is also observed from the figure that decrease in ξ does not degrade the performance significantly under weak AT condition as compared to under moderate and strong AT conditions. The SNR difference between low and high PE under weak AT condition is about 4 dB, while under strong and moderate AT conditions the difference is about 10-11 dB. This is because the difference between the two channel gains is very small under weak AT condition and the effect of PE does not lead to a major change in the channel gain difference. However, under moderate and strong AT conditions, a higher PE makes the difference smaller and hence the performance degrades significantly. Therefore, for high PE the considered system performs better under weak AT condition as compared to the other two AT conditions. In other words, under weak AT condition, the effect of weak AT itself is more dominant as compared to the effect of PE. Conversely, under moderate and strong AT conditions, the effect of PEs is dominant and can deteriorate the error performance significantly.
Comparison of Error Performance With L -ary PAM
ABER of L -ary PAM can be calculated using (29). It is well known that the spectral efficiency of L -ary PAM is log 2 L . For a fair comparison of error performance, we select N = L such that both the schemes have the same spectral efficiency. Fig. 7 compares the 4-ary OSSK and 4-ary PAM schemes under moderate AT condition along with different levels of PE. It can be observed from the figure that under low and moderate PEs, the performance of the 4-ary OSSK scheme is poorer than that of the 4-ary PAM scheme. However, 4-ary OSSK outperforms 4-ary PAM scheme under high PE, which shows its significance for a practical scenario. The 4-ary OSSK requires about 15 dB less SNR to achieve a BER of 10 −3 as compared to 4-ary PAM under high PE, as can be seen from the figure. It is also observed from the figure that under low PE, 4-ary PAM has a diversity order more than that of the 4-ary OSSK scheme. However, diversity order of the PAM is less than that of the OSSK scheme under high PE. A detailed discussion on the diversity order of the OSSK and PAM is given in the next subsection.
Coding Gain and Diversity Order
This subsection discusses the coding gain and diversity order of the N -ary OSSK scheme under the combined effect of AT and PE. For high SNR, we keep only the dominating term in (19) (having the lowest exponent ofγ) to calculate the asymptotic BER. Therefore, after substituting k = 0 in (19) and using (25), we get By comparing (25) and (30), it is observed that the diversity order (δ) of the N -ary outdoor OSSK system is 0.5. This is constant irrespective of N , AT, and PE. Alternatively, we can calculate δ of the considered system graphically by calculating the slope of the ABER curve over 10 dB SNR range at very high SNR values. For example, in Fig. 3 for ξ = 17.72, the ABER value at 50 dB is 2.1 × 10 −3 and at 60 dB it is 6.5 × 10 −4 for 2-ary OSSK system under moderate AT. Therefore, δ is log(2.1 × 10 −3 /6.5 × 10 −4 ) = 0.509 ≈ 0.5. This verifies our analytical calculation of δ. It can also be observed from Figs. 3-5 that the slope of ABER curve is independent of the AT conditions, number of optical sources, and PE. Therefore, under all conditions, δ of the N -ary OSSK system is 0.5.
It is very difficult to find the diversity order of PAM by using (29) because of the presence of complex Meijer-G function. Recently, a new series based representation of the pdf of the G-G channel with PEs has been proposed in [18] 
It is given in [18] that for 
δ = (1/2) min{α, β, ξ 2 }, and C g depends on δ and is given in Table 3 .
. From (34), we observe that for high value of ξ (low PE), δ depends on the AT conditions but for low value of ξ (high PE), δ depends on the PE severity. This can also be verified from Fig 7. For example, BER at 60 dB is 2.5 × 10 −4 while at 70 dB, BER is 5 × 10 −5 for ξ = 8.86. Thus, δ equals log(2.5 × 10 −4 /5 × 10 −5 ) = 0.698 ≈ 0.7. On the other hand, from theoretical calculation δ is β/2 = 1.4/2 = 0.7. Similarly for high PE (ξ = 0.886), diversity order is ξ 2 /2 = 0.374 which is less than the δ of OSSK scheme. Therefore, in a practical scenario, δ of OSSK scheme is better than that of PAM scheme. The aforementioned discussion shows usefulness of OSSK scheme in a practical situation.
Coding gain of the OSSK scheme can be obtained by comparing (25) and (30) as 2 dB) . Therefore, the difference between the SNRs to achieve same BER performance under moderate and strong AT conditions is utmost 1.2 dB, which is small. Hence, we can say that the error performance is not only independent of AT conditions between moderate and strong AT, but is also independent of PE. Fig. 8 shows the coding gain of OSSK as a function σ s under moderate AT for different values of a. The y-axis, C M g , specifies the additional SNR requirement in order to have the same BER as under no PE. It is observed from the figure that for σ s < 2, the PE is tolerable as the loss is within 1 dB. However, for a higher value of σ s , the requirement of additional SNR increases drastically for a low value of a. For example, for a = 5 cm and σ s = 7 cm, the additional SNR requirement is about 12.5 dB while for a = 10 cm, the additional SNR requirement is only about 3.8 dB. It is also evident from the figure that for higher values of a (> 10 cm), coding loss reduces significantly, i.e., a small additional SNR is required. For a = 15 cm, an additional 3 dB (approximately) is required under σ s = 12 cm. A similar observation can be drawn from Fig. 9 under weak AT. As shown in the figure, the value of tolerable σ s is 5 cm under weak AT condition, which is more as compared to moderate AT condition (σ s = 2 cm). Therefore, it is deduced that the OSSK scheme can tolerate more PE under weak AT condition as compared to other two AT conditions.
The OSSK coding gain advantage of moderate AT over weak AT condition, i.e., C M →W g = C g (4, 1.9, N , ξ)/C g (4.2, 1.4, N , ξ) is shown in Fig. 10 as a function of σ s . It is evident from the figure that for low PE (σ s < 3), OSSK scheme under moderate AT outperforms weak AT condition by 3 dB. This can also be verified from Fig. 6 . For example, it can be seen from the Fig. 6 that to have BER of 2 × 10 −3 under low PE condition, 4-ary OSSK scheme requires 50 dB in moderate AT condition while it requires 53 dB in weak AT condition. Further, it can be observed from decreases and for σ s ≈ 6.8 cm (crossover point) the coding gain advantage becomes zero, which implies ABER under moderate and weak AT conditions are equal. However, increasing σ s above crossover point reverses the phenomena, i.e., considered system outperformed under weak AT condition as compared to moderate AT condition-this can also be verified from Fig. 6 for high PE (ξ = 0.886). Fig. 11 shows the effect of a on C M →W g as a function of σ s . It is observed from the figure that all curves start from 3 dB. This implies that considered system always outperforms in moderate AT than in weak AT condition for low PE, irrespective of a. However, for a < ω b the crossover point shifts to the left of the crossover point when a = ω b , while for a > ω b the crossover point shifts to the right.
Conclusion
This paper analyzed the performance metrics (ABER, coding gain, and diversity order) of the OSSK scheme under the combined effect of AT and PE. The irradiance fluctuations caused by the AT is modeled by G-G distribution. First, we have derived the distribution of difference of two RVs, where each RV represents the effect of both PE and AT. The derived pdf is used to develop a closed-form expression of APEP and ABER. The analytical expressions are verified via a Monte Carlo simulation. In order to compare the OSSK with PAM having the same SE, we have additionally assessed the ABER expression for PAM under the same channel conditions. Based on the proposed analysis, it can be concluded that error performance of OSSK technique is better than the PAM under high PE. In addition, we have proved that the diversity order of OSSK scheme is independent of AT conditions and PE severity, whereas the diversity order of PAM depends on both AT and PE conditions. This renders the OSSK scheme better as compared to PAM for practical scenarios.
